We report on a sapphire fiber Raman imaging probe's use for challenging applications where access is severely restricted. Small-dimension Raman probes have been developed previously for various clinical applications because they show great capability for diagnosing disease states in bodily fluids, cells, and tissues. However, applications of these sub-millimeter diameter Raman probes were constrained by two factors: first, it is difficult to incorporate filters and focusing optics at such small scale; second, the weak Raman signal is often obscured by strong background noise from the fiber probe material, especially the most commonly used silica, which has a strong broad background noise in low wavenumbers (<500-1700 cm −1 ). Here, we demonstrate the thinnest-known imaging Raman probe with a 60 μm diameter Sapphire multimode fiber in which both excitation and signal collection pass through. This probe takes advantage of the low fluorescence and narrow Raman peaks of Sapphire, its inherent high temperature and corrosion resistance, and large numerical aperture (NA). Raman images of Polystyrene beads, carbon nanotubes, and CaSO 4 agglomerations are obtained with a spatial resolution of 1 μm and a field of view of 30 μm. Our imaging results show that single polystyrene bead (~15 µm diameter) can be differentiated from a mixture with CaSO 4 agglomerations, which has a close Raman shift.
Introduction
Raman spectroscopy is a powerful analytical tool to detect the frequency shift in the inelastic light scattering due to the molecular vibrational modes in a sample [1, 2] . Raman detection is a label-free method [3] , thus greatly simplifying the sample preparation and minimally disturbing the sample during detection [4] . It has found a myriad of applications ranging from detection of biohazard contaminants [5] , monitoring biological processes [6] , disease diagnosis [7] , to regenerative medicine [8] .
Fiber Raman probes are a crucial device for challenging applications where access is severely restricted [9] , for example, detection of hidden illegal drugs, toxic material analysis, and high temperature sensing [10] . Small dimension Raman probes have been developed for various clinical applications as they show great potential for diagnosing disease states in bodily fluids, cells, and tissues [11] . Raman probes have been developed with probe diameters, ranging from the centimeter [12] scale, millimeter scale and sub-millimeter [13, 14] scale. Although small scale probes enable new applications, either adapting to endoscopy [15] or working as needle probe [16] , their optical design are constrained by the difficulty of incorporating filters and lenses at this scale.
Another challenge in the development of small Raman probes is the weak signal from the sample that is often obscured by fluorescence and Raman background from the probe material [17] . Thus, despite that Raman imaging with single silica probe as small as 125 μm has been realized in a multimode fiber with a transmission matrix correction [18] , strong background from the silica fiber itself at lower wavenumbers (<500-1700 cm −1 ) confines the detection to the higher wavelength number regime (>2500 cm −1 ). However, in clinical applications, most prominent Raman shifts are assigned to the aromatic amino acid phenylalanine (1, ), and the amide bands of protein backbones (1,267 and 1,661 cm −1 ), all of them occurring in the low wavenumber range [19] . In addition, most compounds resulting from corrosion such as for example, Wustite, Hematite, and Magnetite have Raman wavenumber smaller than 1700 cm −1 [20] . A sapphire optical fiber, with its inherent low background noise due to its crystalline nature allows detection and imaging in a broad frequency range (>800 cm −1 ). It has proven to have a clear advantage over silica for Raman spectroscopy [9] . Furthermore, the sapphire fiber can also be used for high temperature sensing due to its high melting point(∼2053°C) and corrosion resistance [10] . However, to the best of our knowledge, no sapphire fiber Raman imaging has been demonstrated.
Here we propose and demonstrate a very thin Raman imaging probe based on a 60 μm diameter multimode sapphire optical fiber (air cladding) for both the excitation and collection of Raman signal, without any additional focusing optics. The wave front control was performed by digital phase conjugation method [21] [22] [23] , which has potentially shorter response time than the transmission matrix method [24, 25] since no measurement of the matrix elements [26] is needed. The sapphire air-clad fiber with a theoretical numerical aperture (NA) of 1 is expected to have a high collection efficiency.
We demonstrate the capability of our approach for a Raman imaging probe by imaging and detecting polystyrene beads, carbon nanotube (CNT) paper, and CaSO 4 agglomerations. Our results show that single polystyrene bead (~15 µm diameter) can be differentiated from a mixture with CaSO 4 agglomerations, which has a close Raman shift.
Materials and methods

Experimental setup
The experimental setup is illustrated in Fig. 1 . The output beam of a 532 nm wavelength laser (Verdi-10V, Coherent, Santa Clara, CA) was expanded using a telescope (lens L1 with f = 30mm, L2 with f = 150mm) and projected onto a polarized beam splitter PBS1, which divides the light into two arms, one to be delivered to the fiber (object beam) and the other to be used as the reference beam for the holographic recording. The ratio of the two beams can be adjusted by a half-waveplate. The object beam contains the sapphire fiber (MicroMaterials, Inc., 5 cm long with 60 µm core).
In the object beam, light is focused through a 60X microscope objective (NA = 0.85, OBJ2) onto the sapphire fiber facet. The generated focus is then coupled into the propagation modes of the fiber and generates a random speckle pattern at the output facet. The speckle pattern is imaged on camera 1 (Photonfocus MV1-D1312 (IE)-G2, CMOS camera) through a 60X objective (NA = 0.85, OBJ1) and a lens L3 (f = 300mm). The reference beam is directed towards the imaging plane through reflection by the beam splitter BS1(R50:T50) thus generating an off-axis hologram. The recorded hologram is then processed numerically and the phase of the optical field on the output facet of the fiber is retrieved.
The recording of the hologram is the calibration procedure. After this, the object beam is blocked to carry on the reconstruction process. The recorded hologram is digitized and the phase of the incident wave front is calculated by computer (Fourier Transform) before being sent to a phase-only spatial light modulator (Pluto-NIR II, Holoeye). Then, the incident light (reference beam) is modulated and reflected through beam splitter BS1 and projected onto the fiber facet through L3 and OBJ1 to generate a digital phase conjugated focal spot on the other end of the fiber. The process is also called off-axis hologram reconstruction [27] . Fig. 1 . Experimental Setup. The beam is expanded by the telescope formed by lenses L1-L2 and is split in two arms with the polarizing beam splitter PBS1. The other beam is focused on the sapphire fiber facet with the objective OBJ2. The output of the fiber is imaged on the CMOS sensor through the 4f imaging system (OBJ1 and L3). The reference beam is combined with the image by reflecting on the non-polarizing beam splitter BS1 to generate a hologram. The phase conjugation beam is generated by the reference beam reading out the computed phase pattern loaded onto the SLM. The phase pattern was obtained by Fourier transform. The phase conjugation beam is redirected towards the fiber by reflecting again on BS1. The quality of the generated focus is examined by the imaging system composed by OBJ2, BS2 and L4 on camera 2 in reflection.
The alignment process is very critical on the final efficiency of the digital phase conjugation (DPC) system. The sensor and the SLM need to be aligned pixel by pixel to form the correct phase conjugate beam. The DPC spot can be viewed through the imaging system composed by objective OBJ2 and lens L4 on camera 2 (Baumer TXF-14 CCD camera). As is expected, the DPC spots enhancement decreases with increasing distance from the fiber facet, as shown in Fig. 2(a) . The enhancement is calculated by the ratio of the peak intensity and the average background. When the DPC spot is 90 μm, 270 μm, and 450 μm away from the fiber facet, the enhancement is 1184,208,94 respectively. Meanwhile, when the enhancement decreases, the size of the DPC spots becomes larger, shown as the intensity curves cross the middle of the spots in Fig. 2(c)-2(e) , as well as the enlarged spots images in Fig. 2(g) -2(i) .
In this work, the DPC spot was set 30 μm away from the fiber facet. The spot, shown in Fig. 2(b) and 2(f) has an enhancement of 2106, spot size 0.63 μm.
Sample preparation and detection
Polystyrene beads: A suspension of polystyrene beads (Thermo Scientific 7510A, 11 μm mean diameter, ≤ 18% coefficient of variation) was placed on a standard glass coverslip (Sigma, 24 mm × 60 mm) and dried to form agglomerations.
Calcium sulfate agglomerations: 5 mg calcium sulfate power (Sigma 7778-18-9, CaSO4, ≥99.99%) was dispersed in 30 µl water. Then the solution was placed on a standard glass coverslip (Sigma, 24 mm × 60 mm) and dried to form agglomerations.
Carbon nanotube paper: CNT paper [28] , with a thickness of 70 µm, was fabricated by multiple steps of SWCNT dispersion and suspension filtration. Our dispersion method consisted of two steps: (1) 1 g SWCNT mixed with 5 g Triton X-100 was dispersed by a three-roller shear disperser (DS50, EXAKT) for 20 min; (2) The mixture in step (1) was dissolved in 5 L deionized water and dispersed by dynamic sonication using a high-power ultrasonic processor (Vibra-CellTM, Sonics) circulated twice. Then the homogeneous solution from the dispersion process was vacuum filtered onto a membrane with a pore size of 1 µm to form a SWCNT film. Finally, the as prepared film was heated at 90 °C for 5 h and peeled from the filter membrane [28] .
Experiments
Contrary to a silica fiber, which gives a strong broad spectral background, a sapphire fiber has only several sharp Raman peaks, with low background, as demonstrated in Fig. 3 . When no sample is added at the tip of the fiber, the spectrum of the sapphire fiber was detected in reflection and shown in Fig. 3 .
Based on this measurement, the sapphire fiber could detect materials having Raman shifts in the very low range, such as 0-300 cm −1 , as well in between 500 and 700 cm −1 . In this work, we focused on materials with Raman shift in the range of 900-1600 cm −1 , a range in which a silica multimode fiber could not be used due to the strong background noise. Polystyrene beads were raster scanned by focusing a spot at the tip of the Sapphire fiber and then a Raman image was constructed by collecting the Raman signal as illustrated in Fig.  4 . Raman image resolution depends on the spot size of the DPC spot. When the DPC spot is 30 µm away from the fiber, the spot size is 0.63 µm. During the calibration process, the step size for objective 2 was set to 0.5 µm. Thus, the DPC step is 0.5 µm for a fine resolution scanning or 1 µm for a rough resolution by sending different numbers of phase images to the SLM. Figure 4 When the DPC spot focuses on the middle of the polystyrene bead in Fig. 4(a) , the Raman spectrum was taken with an acquisition time of 30 s (Fig. 4(b) ). The blue curve represents the background signal without any sample, while the red curve is the signal from the beads (with background subtracted). The bead's Raman signal at 1005.4 cm −1 is 3 times higher than the background signal from the Sapphire fiber. By comparison, with a silica fiber, the Raman signal is 10-50 times [18] lower than the background at this frequency shift. Figure 4(c) shows the Raman images at a shift of 1005.4 cm −1 with a 1 µm step. The morphology of the bead shapes can clearly be seen. Figure 4 (e) and 4(f) shows another Raman image of two beads with a scanning step of 0.5 µm. Figure 4 (f) was taken 14 hours later than Fig. 4(e) , which shows the stability of the system. Figure 5(b) is the Raman spectrum with the DPC spot in the middle of the bead. Although the DPC spot is located on the bead, there is a significant background light at 532 nm that is not in the Airy disk but rather distributed randomly. This background light generates also a Raman signal that is collected by the fiber. As can be seen, due to the background light, the Raman signal from CaSO 4 can also be detected. When DPC spot position changes, the ratio of the Raman peaks from the two materials is also changed. The scanning area is the yellow rectangle (22.5 µm × 15 µm) and the scanning step is 0.5 µm. The scanned Raman images obtained at the two Raman peaks are shown in Fig. 5(c) and 5(d) , which differentiate clearly the polystyrene bead from the CaSO 4 agglomerations. To show Raman imaging with our probe at longer frequency shifts, we used a sample of Carbon Nanotube (CNT) paper which exhibit a Raman shift at 1597.6 cm −1 . The optical image of CNT paper is illustrated in 6(a), with CNT paper located in the white delineated lower triangle. The edge of the CNT paper lies in the diagonal of the image. The scanning area (30 µm × 30 µm, step 1 µm) is shown in a yellow rectangle. The Raman spectrum with the DPC spot focused on the CNT paper is shown in comparison with the background in Fig.  6(b) . The signal from CNT paper at 1597.6 cm −1 is twice that of the background. The Raman image in Fig. 6 (c) matches well with the scanning area in Fig. 6(a) . A Raman image of a single polystyrene bead together with CNT paper is shown in supplementary information S1.
Summary and conclusions
A sapphire fiber Raman imaging probe of diameter 60 micrometer, which can be used for endoscopic applications (in this case, a cladding will be required) and potentially for high temperature detections, is presented in this paper. This probe performs imaging without any mechanical motion and without any focusing optics at the tip, which makes it particularly interesting in harsh environments such as high temperature and/or in contact with corrosive liquids [29] and gases.
We have shown experimentally Raman imaging of samples including polystyrene beads, CaSO 4 agglomerations, and CNTs paper with a resolution of 0.6 um and field of view of 30 x 30 um in a Raman shift range between 1000 cm −1 and 1600 cm −1 . Compared with silica fibers, which restricts Raman imaging to frequency shifts beyond 1700 cm −1 , the sapphire fiber probe enables detection below this value. Potentially, detection in the low frequency shift region (0-300 cm −1 ) should also be feasible with this probe due to the low background of sapphire.
We have shown excellent spatial chemical differentiation by imaging a mixture of polystyrene beads and CaSO 4 agglomerations at two distinct Raman shifts f with 1005.4 cm −1 and 1011.1 cm −1 respectively. In this work, digital phase conjugation was used to scan a focal spot at the tip of a sapphire fiber. Other methods to scan a focused spot at the tip of the fiber could have been used, such as transmission matrix method. Because of the high number of modes (125'000), we have chosen to use the DPC technique. Such a high number of modes would create a matrix whose size could not be invertible with the desktop computer we used. The calibration of 40 µm × 40 µm area with resolution 0.5 µm takes approximately 2 hours. The time will increase with increased scanning area and resolution. A limitation of the proposed DPC focusing system is that the system needs to be calibrated point by point and thus calibration takes time. The DPC system needs to be carefully aligned with the same amount of angular tolerance as needed for coupling light into a single mode fiber. Thus, mechanical robustness is needed to keep the system aligned.
In summary, we demonstrated a sapphire fiber Raman probe for mapping materials in a broad fingerprint region. This multimode Sapphire fiber probe overcomes the limitations of silica fiber probes because of sapphire unique properties, including low fluorescence and Raman background and good stability in high temperature.
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